A single component hard sphere description molten halides and nitrates, applied to self-diffusion and viscosity data, has led to a hard sphere size which for a given cation depends linearly upon the anionic radius. This correlation has been used to predict viscosity coefficients of fused alkali fluorides and to estimate the effective size of the N0 3~-anion in molten nitrates. The Stokes-Einstein relationship between r) and D is satisfied, where D= (D + +Z>~)/2, and this relationship in combination with the observed linear dependence of Tl/r] and DjTl on the molar volume can in principle be used as a criterion for data selection.
Introduction
In this paper a hard sphere description of convection and diffusion 1 , applied with some success to noble gas and metallic liquids 2 ' 3 , has been used for molten salts.
Computer simulation studies by the Monte Carlo (MC) and molecular dynamics (MD) methods besides diffraction experiments have successfully been applied to determine structural properties of fused alkali halides 4 . Moreover those studies have resulted in a detailed picture of self-diffusion in some of these alkali halides 5~7 . On the other hand experimental diffusion data have a fairly large scatter and hence the self-diffusion coefficient generally is not known very accurately. Computer studies related to the shear viscosity of molten salts have hardly been reported so far 8 , while conversely the viscosity has been extensively investigated experimentally. It seems worthwhile, therefore, to make use of the known viscous behaviour of molten salts in order to determine effective hard sphere sizes and relate the latter to both structure and diffusion.
Previous self-diffusion measurements suggest that diffusive transport in monovalent molten salts is largely determined by short-range and not by Coulomb forces 9 . Because of the sorting of charge types by the Coulomb field, the diffusion in molten salts can like the convection be simulated by a single component hard sphere fluid obeying a corrected Enskog theory.
Hard-sphere Transport Coefficients
The coefficients of self-diffusion and shear viscosity have been interpreted in terms of the Van der Reprints request to the author, IRI, Mekelweg 15, Delft, the Netherlands.
Waals concept of a dense fluid. The applicability of this model, which is equivalent to the hard-sphere model, has been tested by Dymond 1 who used Enskog's expressions for transport coefficients of dense hard spheres corrected for the effect of correlated motions. Though the hard-sphere model corresponds most closely to reality in supercritical conditions, it may provide a reasonable basis for the interpretation of transport coefficients of dense liquids.
Dymond used analytical relationships in which the hard-sphere transport coefficients are expressed in terms of the molar volume V and the temperature T of the fluid. In the case of the self-diffusion coefficient, the expression is 
Experimental Transport Coefficients
The experimental data on the density and the viscosity of molten salts have been compiled by Janz and coworkers 10 , and unless stated otherwise, the data used in the present paper are taken from this compilation. Viscosities of the fused fluorides of lithium, sodium and potassium can be found in reference data collected by Janz and coworkers 11 , while Murgulescu 12 has reported the viscosity of liquid CsBr. Accurate data on the viscosity of the molten alkali chlorides have recently been published by 0ye and coworkers 13 , and the density and the viscosity of the molten alkali and silver nitrates are given by Zuca 14 . Grothe and coworkers have recently measured the density 15 and the viscosity [16] [17] [18] of the molten thallium halides. Self-diffusion data on molten alkali halides and T1C1 compiled by Sjöblom 19 have been applied, while the self-diffusion coefficients of molten LiCl have recently been reported by Klemm and coworkers 20 . The diffusion data on molten alkali nitrates and AgN0 3 obtained by Dworkin and coworkers 21 have been used, while the cation diffusion in molten RbN0 3 measured by Zuca and Constantinescu 22 and that in molten T1N0 3 obtained by Forcheri and Wagner 23 have been used. As high-temperature viscosimetry is difficult from an experimental point of view 24 , it is not uncom-5? mon that single salt viscosities published by various authors are different by an amount far greater than the estimated experimental uncertainties reported. The difference between observed values of the selfdiffusion coefficient in a given salt is sometimes also considerable. For this reason we do not wish to quote errors but rather refer the reader to the original papers.
Results and Discussion
According to the expressions (1) and (2) 
MOLAR VOLUME (cc/mol) - is expressed in terms of the normal melting temperature T m on the upper scale.
It turns out that in this temperature range D/T* and T*/r] depend linearly upon V and within this limited range, the viscosity is related to the molar volume in a similar way as described by_the wellknown equation of Batschinski 14 . The D/T^ and T^/rj versus V straigth lines intersect at the same molar volume, indicating that D rj/T is a constant which is equivalent to the Stokes-Einstein relationship between the self-diffusion and shear viscosity coefficients. The Stokes-Einstein relationship between D and rj shows surprisingly consistent results for the molten alkali nitrates and chlorides in spite of the fact that near the normal melting temperature the self-diffusion coefficients of the nitrates are substantially smaller and the shear viscosity coefficients much larger than those of the chlorides. The two different sets of data for NaCl refer to the viscosity coefficients originally recommended by the U.S. National Bureau of Standards 10 , and the more recent ones reported by 0ye and coworkers 13 . The latter are considered to be more accurate and it is evident that they obey the systematic trend in Fig. 1 much better. For that reason the viscosity data of all the alkali chlorides are taken from this reference. From Fig. 1 it is evident that the available experimental data on D and rj for molten LiCl do not satisfy the Stokes-Einstein relationship, while on the other hand the relationship does apply to molten LiN0 3 , though in this case the value of the constant D y/T is relatively high. It is, therefore, most likely that either 0ye's shear viscosity coefficient 13 for molten LiCl is too small or the reported self-diffusion coefficients 20 are too high by 30 to 40%.
It can be shown that D/T& and T^/rj for the fused halides and nitrates of silver and thallium also obey linear relationships with the molar volume. However, in plotting D/T^ and T^/rj versus V, the intercept for the two transport quantities differs by 1% in the case of fused T1C1 and 0.5% in_the case of molten AgN0 3 , whereas for each salt Dr]/T gradually decreases with increasing temperature 16 . The reason for these discrepancies is not known.
We have used the known density and viscosity of molten salts to determine the hard sphere size o applying expression (2) . The value of o of the fused alkali halides is plotted versus the anionic radius in Figure 2 . It turns out that the o values follow closely a linear relationship with the anionic Since o hardly depends upon the temperature, it is in principle possible to obtain the viscosity coef-
s.s ficient at any temperature above T m provided the density is known. We have calculated that the viscosity of fused KF at 7= 1246 K is about 1.0 cP which is nearly 40% smaller than the experimental value that has been reported u . In this connection it should be noted that an increase of one percent in o corresponds to a 20% increase for rj.
The hard core size for the molten alkali nitrates has been included in Fig. 2 with the anionic radius chosen equal to the radius of the free rotation sphere reported by Janz and James 25 . The hard core size of the alkali nitrates exceeds that of the corresponding alkali chlorides by an amount of about 0.30 Ä, while the o values of the lithium salts differ considerably more. The o values of the alkali nitrates with the exception of LiN0 3 would fit the linear relationship between o and the anionic radius provided that the radius of the N0 3~-ion in the molten nitrates is 2.02 Ä instead of that of a free rotating sphere. On the base of the structural properties of molten nitrates near T m free rotation of the N0 3~-ion is indeed highly unlikely 26 . From the results of recent neutron diffraction experiments on molten nitrates, Suzuki 2 ' determined the N-0 bond length, and hence he could make an estimate of the radius of N0 3~. The result is a radius of about 2 Ä which is remarkably close to the value suggested by our correlation. The o values of the alkali chlorides and nitrates are listed in Table 1 . The hard-sphere packing fraction u = TI o 3 N/6 V m where V m is the molar volume of the molten salt at the melting temperature, has been determined. For the fused alkali chlorides at T m ju = 0.48 on the average while for the alkali nitrates the packing fraction is about 7% higher. The values of ju are also given in Table 1 . The packing fraction for molten LiN0 3 near T m is very high and this is related to the high viscosity near the normal melting temperature.
For most of the fused alkali halides the packing fraction at the melting temperature is the same and its value is equivalent to that found for the liquid metals 2 . However, contrary to usual assumptions 28 , the packing fraction among different molten salts at T m varies substantially e. g. it ranges from u = 0.48 for the fused alkali halides to u = 0.52 for the molten alkali nitrates. It means that in the melt the available volume which is a factor in Dymond's expression for the viscosity, is relatively small for the alkali nitrates compared with the alkali halides. It should be mentioned that in comparing alkali nitrites and halides Angell 29 has noted that at equivalent temperatures the molten halides are considerably more loosely packed than the nitrates, which is consistent with the results found here.
The hard sphere diameter for KCl and the hard sphere packing fraction computed from PVT properties by Lind 30 are appreciably smaller than the corresponding values shown in Table 1 . The author concludes from the low density of molten KCl near the melting temperature that a Gaussian autocorrelation function might be appropriate to describe diffusion. However, Lewis and Singer 6 recently have shown that pronounced negative portions exist in the velocity auto-correlation functions for both ions in molten NaCl that has the same packing as molten KCl. Therefore, the hard core size and packing fraction given by Lind do not seem to be correct, while the values of these parameters obtained in the present paper are more consistent with the results of MD calculations.
The classical Stokes-Einstein equation predicts a simple relationship between D and i] of the liquid. Though in molten salts Stokes-Einstein plots usually 31 are made for cation diffusion only, we have taken a diffusion coefficient D that is the mean of the cation and anion diffusion constants. According to Table 1 the dimensionless quantity oDr]/kT for the alkali chlorides and nitrates with the exception of the lithium salts is essentially constant, but its value is systematically too high by about 20% compared with the constant of proportionality appropriate to slipping boundary conditions (1/2 tx A similar result has been obtained previously in discussing mass transport properties of liquid metals 2 in terms of a hard-sphere model. This discrepancy can be interpreted such that starting with the experimental viscosity data for the molten salts, the hard-spheres approach leads to a value for D which is too small compared with available experimental data. This turns out to be consistent with the results of molecular dynamics calculations based on rigid-ion pair potentials reported by McDonald and coworkers 8 , though in the present paper nothing is said about the cation and anion diffusion coefficients separately.
From both computer simulation studies 4 , and neutron diffraction measurements 32 ' 33 , the radial distribution functions can be found, and for a number of molten alkali halides detailed information about the equilibrium properties is available. We have compared the hard core size with the peak position r max in n r 2 g m (r) q, where g m (r) represents the mean radial distribution function 4 and Q the density. It is found that for the various halides a /fmsLx = 0.90 ± 0.01 (Table 1) indicating which relation exists between a and the distance r max that might be considered a mean spacing in the quasiordered molten salt.
Using expression (2) the hard core size of the univalent halides and nitrates of silver and thallium and that of CuCl has been determined from the known viscosity and density at T m . It turns out that the o values of the silver and thallium halides closely follow a linear relationship with the anionic radius for each cation as shown in Figure 4 . The o values of the nitrates of silver and thallium are also given in Figure 4 . It seems that they fit the linear relationship of the corresponding halides rather well provided the N0 3~-radius is nearly that of a free rotation sphere. However from neutron diffraction experiments by Suzuki 27 it follows that the radius of N0 3~ in molten AgN0 3 is close to 2.0 Ä. This indicates that the radius of Ag + in molten AgN0 3 does not match that in fused silver halides. On the other hand the o values of AgN0 3 and NaN0 3 turn out to be rather similar. It is, therefore, more likely that the silver ions in molten AgN0 3 have a size rather more equal to that of the Na + ion, in agreement with a suggestion made by Zuca and coworkers 22 for different reasons previously. The radius of Tl + in molten T1N0 3 does not necessarily match that in fused thallium halides, though no experimental information is available concerning the radius of N0 3~ in molten T1N0 3 . From the striking resemblance of the o values of T1N0 3 and KN0 3 it is reasonable to assume that the size of the thallium ions in molten T1N0 3 is rather more equal to that of the K + ion.
JThe o value, packing fraction and the quantity o D rj/k T for the chlorides and nitrates of silver and thallium and of CuCl near T m are listed in 35 a value of r max has been found with the result that a/r max = 0.91. Apparently this ratio is rather insensitive to the detailed structure of the molten salt, which in the case of the copper and silver chlorides is considered to be more of a molecular type than the alkali chlorides.
Conclusions
The most striking result of using a single component hard sphere description of the transport coefficients of fused salts is the linear relationship found for each cation between the hard core size and the anionic radius. This new correlation for mass transport behaviour in molten salts has been used to predict viscosity coefficients for fused alkali fluorides and to estimate the effective size of the N0 3~ anion in molten nitrates.
In the molten salt£ studied the Stokes-Einstein relationship between D and rj is satisfied, and this correlation in combination with the simple dependence of the transport properties on the molar volume can in principle be used as a criterion to select data. This has been applied to the viscosity coefficients of the molten alkali chlorides as illustrated by the NaCl data. The mass transport coefficients reported for LiCl do not obey the phenomenological correlation observed between D and rj for the other alkali chlorides and the nitrates, and therefore they may be open to some doubt.
A large difference has been found among the various molten salts with respect to the packing fraction near T m , which has a close bearing upon the structural properties of dense liquids. In this connection it is of interest that the structural properties of the alkali chlorides and those of CuCl are quite different. Powles 36 has reinterpreted the diffraction data of molten CuCl in terms of a molecular liquid in which correlations of molecular orientations may even have to be assumed. Such a picture would most likely result in a high packing and hence qualitatively fit the classification of high density liquids on the base of their packing fraction which has been proposed recently 37 .
